INTRODUCTION
Two-phase flows find applications in power, heat-exchange, and cryogenic equipment. The use of a superheated liquid, in which the phase transition can occur by the mechanism of explosive boiling up (Skripov, 1974) , significantly expands the possibilities of its application (inkjet printers, atomizers of substances and fuels, new fire engines, etc.). However, despite the wide application and investigations of superheated liquids (Brown and York, 1962; Lienhard and Day, 1970; Pavlov, 1988; Skripov and Skripov, 2010; Polanco et al., 2010; Kawamura et al., 2003; Reinke and Yadigaroglu, 2001 ), a number of issues remain unsettled, namely, the formation and growth of a new phase with various superheats, the dynamics of fluctuations in a boiling medium, etc. Investigation of the outflow of superheated single-component fluids under explosive boiling conditions has shown the presence of crisis phenomena in the behavior of the integral characteristics of the flow (flow rate, reactive force, and jet shape) (Li et al., 2015; Reshetnikov et al., 1988a Reshetnikov et al., ,b, 2000 . In particular, when superheated liquids flowed through a short cylindrical nozzle, a jump-like transition from the conical shape of a jet with an angle at the apex of α ∼ 120
• to the complete breakup (α ∼ 180 • ) (crisis of jet shape) was observed. This circumstance caused a sharp decrease in its reactive force (crisis of reactive thrust) to near-zero values. Thus, the shape of the jet can serve as an indicator of crisis or transition regimes, as well as point to significant change in the characteristics of boiling-up flows. At the same time, only few researchers have paid attention to the discharge of boiling-up liquid through slit nozzles because of their promising practical applications (Clark and Dombrowski, 1972; Dombrowski and Neale, 1974; Kawamura et al., 2003; Li et al., 2015; Wu et al., 2017) . The aim of this work was to experimentally study the evolution of the shape of a boiling-up plane jet and establish a correlation between the jet shape and its reactive force.
EXPERIMENTAL SETUP
A high-pressure working chamber is a short-term device that ensures the steady-state flow of a test liquid into the atmosphere for several tens of seconds. It has the shape of a cylindrical body made from stainless steel with a volume of 0.63 L [ Fig. 1(a) ]. Unlocking and locking up the inlet section of the working nozzle is performed from inside the chamber by sealing a cone/cylinder-type rod. This lockup device design provides wide opportunities for changing the geometry conditions beyond the nozzle outlet. The outlet configuration can be varied by modification of the clamping flanges sealing the studied nozzle in the working chamber. The working chamber is suspended to the frame of the experimental unit by two rods and represents a pendulum in the gravitational field. By its deviation from the equilibrium position, the reactive force of a horizontally flowing jet can be determined.
In this study, water was used as the working fluid. The outflow occurred from a high-pressure chamber through a short slit nozzle [see Fig. 1(b) ] made by the wire electric discharge processing. Thus, the internal nozzle surface was very rough. The nozzle had a rectangular cross section with sides of 4 and 0.2 mm and a length of 0.7 mm [see Fig. 1(c) ]. This nozzle length provides a sharp drop of the pressure at a rate of about 10 5 -10 6 MPa/s, which leads to deep penetration into the superheated state [with respect to the liquid-vapor equilibrium temperature at a given pressure T s (p)]. The slit nozzle was fixed to the working chamber by means of a flange having cylindrical and diffuser parts [ Fig. 1(c) ].
This flange configuration contributed to the manifestation of crisis phenomena (complete jet breakup and a sharp decrease in the magnitude of the reactive thrust) in the course of the liquid flowing through the cylindrical nozzle [Figs. 2(a) and 2(b)] (Reshetnikov et al., 2015) . Studies with the slit nozzle were carried out for a wide range of variables along the saturation line T s (p): the temperature was changed in the range of (373-573) K, and the pressure (from atmospheric pressure p a ) was up to 10 MPa. In the investigated temperature range, different mechanisms of vaporization were observed in the experiments: boiling up on individual non-interacting centers, intense heterogeneous nucleation of vapor bubbles, and homogeneous fluctuation nucleation.
RESULTS AND DISCUSSION
The study of the shapes of boiling-up plane jets was carried out by observing the outflow process, and by analyzing photographic and video materials. The most important step was to reveal the changes in the spray angle α (the angle between the visible boundaries of the jet) and the structure of the flow. Our experiments showed that the expansion of the jet was much faster in the direction of the smaller side of the slit nozzle than in the direction of the larger side. In the direction of the larger side, the expansion angle practically did not change when increasing the initial temperature of the liquid and was equal to approximately 20
• [ Fig. 3(a) ]. Let us consider the direction of the smaller side. Depending on the degree of superheat, characteristic jet shapes of superheated water were observed near the exit section of the slit nozzle [ Figs. 3(b)-3(e) ]. In this case, the larger side of the nozzle was located horizontally. At small superheat values (∆T = T b -T s (p a ) < 50 K), where T b is the bulk liquid temperature, the flow is split into droplets [ Fig. 3(b) ] as a consequence of the appearance of capillary and hydrodynamic instabilities. With increasing temperature in the stream, the effect of both the separate centers of volumetric boiling up and the intense evaporation from the jet surface was observed (the so-called barocapillary instability) (Pavlov and Isaev, 1984) . The photographs showed separately flying drops and an expanding vapor cloud [ Fig. 3(c) ]. This shape of the jet is typical for moderate superheat values (50 K < ∆T < 90 K). In this temperature range, the opening angle of the jet has a maximum value of about 80
• . At high superheats (90 K < ∆T < 200 K), a transition to the intense heterogeneous nucleation mode occurs. This mode is defined by a sharp increase in the number of vapor bubbles per unit volume of the liquid. In this case, the formation of the nuclei of the vapor phase occurs at so-called weak points, such as micro-pits on the vessel surface, solid particles, solute gas, etc. For this temperature range, the opening angle of the flow was reduced from 80
• to 55 • [ Fig. 3(d) ]. This is due to the displacement of the boiling-up cross section in the direction of the exit cutoff of the slit nozzle and the geometry of the diffuser clamping flange [ Fig. 1(c) ].
The jet shape in Fig. 3 (e) corresponds to the initial conditions under which the mode of homogeneous fluctuation nucleation in the flow comes into play. Homogeneous nucleation and intensive heterogeneous vaporization, due to the extremely high intensity of the phase transition, are usually called explosive boiling up (Skripov, 1974) . The intensive phase transition in the flow leads to the fact that the boundaries of the jet are rugged. With such intense and confined vaporization, boiling up already occurs inside the nozzle. In this respect, the geometry of the nozzle and the configuration of the pressure flange have a significant effect on the jet shape. In particular, the jet acquires a more collapsed shape. The analysis of the experimental results made it possible to trace the character of the change in the opening angle of the jet with increasing pressure [Fig. 4(a) ]. It can be seen from the graph in Fig. 4(a) that the maximum opening angle of the jet (80
, at which the mechanism of intense heterogeneous boiling up appears, the opening angle of the jet begins decreasing. Complete jet breakup was not detected in the experiments.
Simultaneously, with the observation of the jet shapes, measurement of their reactive recoil was carried out. The experimental data on the reactive force R were compared with the calculated values for a cold liquid written in hydraulic approximation:
where S is the area of the nozzle from which the flow escapes; µ is the hydraulic flow coefficient, in our case µ = 0.6; p 0 is the pressure inside the vessel; and p a is the external (atmospheric) pressure, ∆p = p 0 − p a . Figure 4(b) shows the results of the reactive force of the jet when the thermodynamic parameters (temperature and pressure) change along the saturation line. There is good agreement between the experimental data and the hydraulic approximation for pressure of p s < 2 MPa (T s < 483 K). With a further increase in the pressure along the saturation line, the experimental data exceed the values of the jet recoil calculated by the hydraulic approximation by up to 30%. This feature in the behavior of the reactive thrust is associated with the realization of an intense heterogeneous boiling regime in the stream of conditions. A similar excess of the experimental values for the reactive force of the jet over the calculated data was also observed in experiments on the outflow of superheated water from a high-pressure chamber through conical nozzles with different expansion angles (Vinogradov et al., 1987) .
CONCLUSIONS
Based on the results obtained from the experiments, the following conclusions can be drawn:
1. Characteristic shapes and structures of boiling-up jets corresponding to different degrees of liquid superheats (small, moderate, high, and limit) and different mechanisms of vaporization (boiling at single non-interacting centers, intense heterogeneous vaporization, and homogeneous boiling up) have been distinguished in the course of the liquid flowing through the short slit nozzle.
2. Correlation between the opening angle of the boiling-up jet and its reactive force has been revealed: a decrease in the opening angle of the flow behind the outlet of the nozzle corresponded to an increase in the reactive force. The decrease in the opening angle and the increase in the reactive force of the jet corresponded to the onset of the explosive boiling up in the flow.
3. The absence of crisis phenomena in the behavior of the jet shape and the reactive force has been revealed.
The results of this work can serve as a basis for recommendations on the evaluation of the reactive forces of jets of two-phase media in energy-stressed processes. The results of the experimental studies on the boiling dynamics can be useful for other technical devices, in particular, for atomizers.
